The charge-stabilized colloidal dispersion is modeled by a mixture of spherical charged hard spheres whose static partial structure factors were analytically solved by the mean spherical approximation ͑MSA͒. For point-like small ions ͑counterions and electrolyte͒, this so-called primitive model ͑PM͒ can be shown to yield exactly the same macroion-macroion structure factor S(q) as that of the effective one-component model ͑OCM͒. Such structural equivalence permits the use of the PM S(q) as input data to the idealized version of mode-coupling theory and hence the determination of the liquid-glass transition loci for a charge-stabilized colloidal dispersion. Numerically it is found that, for the whole boundary of the predicted liquid-glass transition loci, the portion of the line along 0ϽՇ0.43 reveals an inadequacy in the S(q) since its corresponding pair correlation function near the distance of contact approaches a negative value. This inherent shortcoming of the MSA has previously been noted mostly for the low-density (Շ0.1) and highly charged colloids, but now it is manifested in highly charged colloidal dispersions having a large . This MSA problem, in principle, can be remedied by the technique of rescaling the macroion size, provided in the course of rescaling one can deal concurrently the nonadditive contact radii relation between the macroions and small ions. Unfortunately, there are still technical difficulties and ambiguities in the handling of this latter kind of problem within the PM. This prompts us to suggest using the S(q) of the effective OCM of Belloni where such problem of nonadditive contact radii can be taken into account approximately. We contrast the liquid-glass transition phase boundary determined from the latter model with that of the PM, where the additive contact radii property is preserved throughout, to reveal qualitatively the uncertainties in the liquid-glass transition loci within the PM. Further evidences in support of this OCM can be seen from its successful interpretation for the S(q) of a micellar solution and for the charges of polystyrene spheres which are predicted in this work to agree reasonably with the theoretical values deduced from the density functional theory.
I. INTRODUCTION
A charge-stabilized colloidal dispersion is intrinsically a multicomponent system. In the literature, there are two closely related methods widely used to study its structures. The first method stresses the main feature of the polyelectrolyte solution by approximating it as an effectively one component system. The argument rests on the fact that macroparticles are generally dominant in size compared with all the other smaller ions which consist of the counterions and any added electrolyte referred to as coions. For the colloids having large physical size ͑with respect to small ions͒ and possessing low charge, this structural approach to the charged colloidal dispersion appears to be not very far off the mark. The second method manifests the asymmetrical feature of the polyelectrolyte solution by placing equal footing on its constituents. For these colloidal solutions, one abandons the effective one component fluid model and turns instead to a theory of multicomponent electrolyte for describing the colloidal structures. In this work the general aspects of these two approaches are explored. Our motivation has been stimulated partly by numerous studies of the structural and equilibrium properties of charged colloidal dispersions that were reported in the literature 1 and partly by increased activities in the area of liquid-glass transition whose underlying physics is most lucidly manifested in colloidal systems. To prepare ourselves towards this goal, it would, however, be more convenient in the following presentation if the development in each of these methods is briefly reviewed. Generally speaking, a charge-stabilized colloidal dispersion such as a polyelectrolyte solution of micelles, or perhaps proteins, etc. consists of strongly charged macroions and weakly charged small ions ͓normally with one or two electronic charge͑s͔͒ immersed in a continuum medium of dielectric constant ⑀. This multicomponent system exhibits high asymmetries in size and charge and displays rather complicated and generally nonlocal interparticle interactions. Over the past two decades, statistical thermodynamic theories of liquids have been very useful in this context and were applied to understand these complex interactions. In the case of the colloidal static structure factor S(q) which is our main concern in this work, there are two main streams of effort.
The simplest description of S(q) takes advantages of the large finite-size of macroions and treats them structurally as dominant charged particles compared with the much smaller ions and solvent which, in this case, are both considered to be a uniform neutralizing background. This simple picture for the OCM for which Derjaguin-Landau-VerweyOverbeek ͑DLVO͒ 2 model is one well-known example is characterized by an interparticle pair potential:
␤ 00 ͑ r ͒ϭϱ rϽ 0 ,
Ϫr r rϾ 0 . ͑1͒
In Eq. ͑1͒ and from hereon, the subscript 0 denotes macroparticles. Here L B is the Bjerrum length defined by L B ϭ␤e 2 /(4⑀⑀ 0 ), ␤ϭ1/(k B T) being the inverse temperature; 0 is the diameter of a spherical macroion; ϭ(4L B ͚ iϭ1 i Z i 2 ) 1/2 is the Debye-Hückel constant in which i and Z i are, respectively, the number density and charge for small ions ͑hereafter the subscript 1 is reserved for counterions and 2,3, . . . , for salts͒; ⌳ DLVO ϭexp( 0 /2)/(1 ϩ 0 /2); and Z 0 is the macroion charge. Three closely related remarks are in order. First, Eq. ͑1͒ was derived from the linearized Debye-Hückel equation 2 assuming a dilute condition ͑number density 0 →0͒ and a weak coupling between the macroions and the small ions. Second, in the usual DLVO form of Eq. ͑1͒, the low density limit excludes the contribution of colloidal species to the ionic strength. This would imply that Eq. ͑1͒ does not depend on the macroion volume fraction . Third, in connection with the above two remarks, we have here adopted a slightly different definition for the which includes counterions as well as electrolytes contributions to the screening length. It is worthwhile to emphasize that such a DLVO-type potential has been proposed previously by Grimson and Silbert, 3 and by Löwen et al. 4 based on the pseudopotential perturbation method and the density functional theory, respectively. The DLVO-type OCM is indeed a very simple interparticle potential. Though qualitative, this potential has been widely applied in the literature to study the S(q) of the suspensions of charged stabilized colloids experimentally obtained from either the light scattering or the neutron scattering. Several important works have led to its popularity. First, in the scaled form
where xϭr/ 0 , Hayter and Penfold 5 have successfully derived an analytical S(q) expression from Eq. ͑2͒ using the MSA closure. Given , k, and ␥, the structure of a suspension of charged stabilized macroions can be uniquely determined. In the DLVO-type model, these three parameters are given by ϭ 0 3 0 /6, kϭ 0 , and ␥ ϭ␤e
Note that the choice of the expression of ␥ parameter depends on the Yukawa fluid form. Other forms are possible as will be given below. In the event that the Coulomb interaction between macroparticles dominates such as that commonly encountered in a low density suspension of highly charged micelles, Hansen and Hayter 6 proposed a well-known rescaling technique to remedy the inherent drawback of the MSA in yielding an unphysical negative value for the pair correlation function g 00 (r) near the minimum distance of contact. At the level of treating Z 0 as an adjustable parameter these S(q) formulas derived by Hayter et al. 5, 6 were very successfully applied to study the S(q) of charged colloids such as the polystyrene spheres, micelles, etc. 7 Since then, the theoretical development in the OCM has slowed down for a few years until the works of Beresford-Smith, Chan, and Michell, 8 and Belloni 9 ͑see also Chen et al. 10 ͒ who delved rather deeply into the structure of the asymmetric electrolyte. Specifically, these authors applied a prescription of McMillan and Mayer 11 to contract from a set of multicomponent coupled Ornstein-Zernike ͑OZ͒ equations an effective one-component direct correlation function ĉ 00 eff (q) ͑defined by ĉ 00 eff (q)ϭ͓1Ϫ1/S(q)͔/ 0 ). With a combination of the hypernetted-chain and the MSA closures supplemented to the OZ equations, Beresford-Smith et al. proposed a ''jellium'' approximation to simplify the colloid-small-ion correlations. In essence, the jellium approximation describes the correlation of the tagged-colloidsmall-ion but ignores concurrently the correlations among the remaining colloidal particles. In comparison with Eq. ͑1͒ they obtained a 00 (r) which differs from the coupling coefficient ⌳ DLVO by the factor (1ϩ). Further analysis on the highly charged effect of colloids led them to an asymptotic form of 00 (r) which still has the same Yukawa behavior but the coupling coefficient has to be determined numerically by solving a differential equation. This jellium approximation was improved in the following year by Belloni 9 who employed the analytical results of Hiroike 12 to recover the discrete counterparts of the remaining colloids in accounting for the tagged-colloid-small-ion correlations. Within the MSA and for point ions, he succeeded in ''identifying'' naturally a one-component Yukawa form for 00 (r) whose coupling strength ␥ has an analytically exact expression. Concurrently, inspired by the latter work and motivated by their need of an analytical S(q) for interpreting measured S(q), Chen et al. 10 revisited the OCM and pointed out that the 00 (r) noted by Belloni is in fact an effective direct correlation function ĉ 00 eff (q) of colloidal particles whose relation to the S(q)ϭ1/(1Ϫ 0 ĉ 00 eff (q)) does not need to invoke the MSA closure. Accordingly they analyzed the mathematical form of the screened Coulomb potential 00 (r) and exploited the coupling strength appearing in Eq. ͑1͒ more fully. This so-called generalized OCM has subsequently been used by them to interpret the observed S(q) of proteins in place of the usual DLVO theory.
In comparison with the OCM, a theory of multicomponent electrolyte is far more challenging and tedious since it places equal emphasis on the macroparticles and small ions. The PM stands up as one promising model which combines several essential features of physical relevance. In the PM one starts with a collection of charged hard spheres composed of different species and each species has its own charge and size. These particles interact through the Coulomb forces and together they move in the continuum medium of a solvent. In contrast to the OCM, theoretical studies on the PM have been progressing more steadily at various stages of the development of the OCM. There was more attention paid to it when it was felt that the OCM was some kind of an average picture for the colloidal suspension, since the physical parameters that characterize a colloidal system in the OCM appear as averaged constants. For instance, it is not necessary in the OCM to supply information on the number density and size of both the colloidal particles and the small ions in the theory, although the charge of a macroion is defined through the interparticle potential used. This makes the description of the structure of colloidal dispersions in the OCM less quantitative. Effort in developing a realistic PM dates back to the mid'70s when Blum and co-workers 13 succeeded in obtaining the analytical solutions of S i j (q) for the Coulomb interacting particles i and j within the MSA. These S i j (q) solutions were later applied by Nägele et al., 14 Senatore and Blum, 15 and others 16 to interpret the structures of micellar solutions. It is interesting to note that these applications of the PM to dilute and strongly charged colloidal dispersions have resulted in a controversial view on the rescaling technique 9, 17 which was originally proposed for the OCM. Here the ambiguity lies in the implementation of the same concept to the PM which, because of the opposite charge of the macroions and small ions, raises the question of utilizing either the additivity or the nonadditivity contact radii of the macroion and small-ion, given that the macroparticles, due to the strong Coulomb repulsion, are rescaled to meet the condition g 00 (x ϩ ϭ1)ϭ0. We note at this point that, while these two approaches to the S(q) calculation were progressing in parallel, they are by no means independent. Efforts 9, 14, 18, 19 have been reported that strike at showing the equivalence of them. Part of the motivation of the present work is in the same spirit as these calculations.
It is clear from the above brief review that in spite of a great deal of work that has been done on investigating the S(q) of charged stabilized colloidal dispersions, most applications have been limited in one way or another to the ease of using convenient formulas in the numerical calculation. This probably explains why the OCM is so widely accepted in the literature given that analytical formulas do indeed exist. On the other hand, the very fact that the OCM does not permit a quantitative analysis has somehow devalued this option. We shall in this work revisit the OCM employing ͑within the MSA spirit͒ the 00 (r) deduced by Belloni. 9 To our knowledge, this model of Belloni is still the most quantitative OCM 20 for studying the concentrated suspensions of charge-stabilized colloids which are colloidal dispersions in which we are interested. In this paper we thus apply the effective OCM of Belloni and in conjunction with the analytical solution of Hayter and Penfold 5 construct the corresponding S(q). Differing from previous attempts we shall relate the parameters (,k,␥) in the OCM S(q) to those physical parameters in the PM by the condition of charge neutralization. For this purpose, the analytical formulas of Senatore and Blum 15 were chosen for the S i j (q) calculation since their solutions are sufficiently simple that chargestabilized colloids of arbitrary size and charge can be easily handled. Once the correspondence between the OCM and the PM is established, one can then comfortably prepare the OCM S(q) under specific colloidal conditions and retain at the same time the simple expression of the OCM for numerical computation. A particularly appealing aspect of the present work which differs from previously published ones is that we shall study a concentrated solution of charged colloids whose S(q) is characterized by a large volume fraction (տ0.2) in addition to the macroion carrying a high charge. Since these parametric values fall into the regime of liquidglass transition, 21, 22 we have extended our calculations to a determination of the liquid-glass transition loci by appealing to the idealized version of mode-coupling theory ͑MCT͒. 23 It turns out that for part of the boundary along the predicted liquid-glass transition loci, our sole input data S(q) are disconcerting to one's experience gained from the atomic liquid state theories. 6 Specifically, we find that even for as high as 0.43, depending on the strength of the Coulomb repulsion, the MSA for S(q) may become less accurate ͑manifested by its corresponding g 00 (xϭ1 ϩ )Ͻ0) and may need to be remedied by a rescaling procedure. 6, 15 In particular, we shall in this work devote some effort to examine from the point of view of the PM the finite-sized effect of small ions within the OCM, and check on the liquid-glass transition phase diagrams in the PM within the context of the rescaling procedure. In the absence of an unambiguous way for imposing rescaling on the PM in connection with the nonadditive contact radii for the macroion-small-ion, a comparison of results between the PM and the OCM will be a worthwhile endeavor. Finally, as a way to further assess our approach to structural studies, we have applied the model also to calculate the low-S(q) of micellar solutions, the tetramethylammonia dodecyl-sulfate, which is an experimentally available micellar solution distinguished by its larger counterions. [24] [25] [26] II. THEORY
A. Mean spherical approximation
We approach our colloidal studies with two separate cases of the MSA-one for point ions in the OCM and the other for finite-sized ions in the PM. Each of these cases will be used to calculate S(q) and the results will be applied to ͑a͒ locate the liquid-glass transition phase diagram within the idealized MCT, and ͑b͒ study the S(q) of micellar solution, the tetramethylammonia dodecyl-sulfate. For convenience in the following discussion, we give in this section a brief summary of only essential equations which lead to the 00 (r) following mainly several recent works. 8,9,11,23
One-component model: Point ions
In the Belloni's effective OCM, one begins with the PM for a set of multicomponent coupled OZ equations given by
where i, j, and l refer to different species: i, j,lϭ0 for macroions, i, j,lϭ1 for counterions, and i, j,lϭ2,3, . . . for coions. Here l is the number density for species l; c i j (r) is the direct correlation function and h i j (r)ϭg i j (r)Ϫ1 is the total correlation function defined in terms of the pair correlation function g i j (r). It can be shown 11 that Eq. ͑3͒ can be contracted to an effective direct correlation function c 00 eff (r) which satisfies
Here the Fourier transformed ĉ 00 eff (q) can be written
where ĉ 0 is a column matrix defined by (ĉ 0 ) i ϭ i 1/2 ĉ 0i (q), i ϭ1,2, . . . which describes the macroion-small-ion correlations; 1 is a unit matrix and ĉ* is a matrix (ĉ*) i j ϭ i 
where c 00 s (r)ϭ0 for rϾ 0 , and
If we take the Fourier transform of Eqs. ͑6͒-͑8͒ and substitute the results into Eq. ͑5͒, we obtain ĉ 00 eff ͑ q ͒ϭĉ 00 
in which Uϭ(8/k 3 Ϫ2/k) with ϭ3/(1Ϫ), ϭ(⌫ 0 /2ϩ)/(1ϩ⌫ 0 /2ϩ), and
Given Z 0 , 0 , k, and , Eq. ͑12͒ has to be solved iteratively for ⌫ and hence X in Eq. ͑11͒. It is interesting to note that X→⌳ DLVO in the limit of 0 →0. On the other hand, for a given X, Eq. ͑10͒ is similar in form to Eq. ͑1͒ and, as was pointed out by Chen et al. 10 and us, 23 the latter resembles the MSA closure if one defines 0i ϭ 0 /2 and identifies the right-hand side of Eq. ͑10͒ to be an effective interparticle potential Ϫ␤ 00 eff (r) for macroions. Accordingly the use of Eq. ͑10͒ does not necessarily imply a case for the polyelectrolyte system at low concentrations since the needed S(q) can be obtained by S(q)ϭS 00 (q)ϭ1/͓1Ϫ 0 ĉ 00 eff (q)͔.
Primitive model: Finite-size ions
A formal treatment of the finite-sized effects for smallions is both cumbersome and tedious, although mathematically straightforward. 12 Here the correlations of small ions given by Eqs. ͑7͒ and ͑8͒ are no longer valid and, as a result, the effective potential 00 eff (r) does not in general have the simple screened Coulomb form. There are two options to this problem. The first option is to apply the idea of Belloni 9 by taking the effects of small ions into account in a more intuitive way. The line of argument goes as follows.
We note in the first place that the finite size of small ions introduces another length scale, the ionic radius b, into the problem. If one were to continue taking advantage of the Yukawa form for the 00 eff (r) ͓in favor of the analytical S(q)͔, one has to be sure that Eq. ͑9͒ is valid. This can only be ensured provided the ionic size is not too large and the charge on it is small. Subject to these assumptions on ions, one may still reasonably apply Eqs. ͑10͒ and ͑11͒ by replacing the macroion radius aϭ 0 /2 there by aϩb while at the same time keeping the 0 and unchanged. In this way one may still calculate U, , Eqs. ͑11͒ and ͑12͒ solely by replacing a by aϩb and making similar replacement in subsequent evaluation of the analytical S(q).
The MSA proposed above by Belloni treats the small ions qualitatively. Now, to make an efficient use of the OCM in the sense of describing the colloidal S(q) realistically, it would be, however, helpful to study concurrently the PM in order to gain insight into the multicomponent nature of the colloidal dispersion. In this regard, the second option which places equal emphasis on the macroions and small ions seems more appropriate in reflecting explicitly the multicomponent features. We have chosen to work with the PM of Senatore and Blum, 15 since basic equations have been well documented in Appendix II of their work. 15 In the following, we summarize only those few essential equations leaving mathematical details to the original work to which the readers should refer.
In the PM of Senatore and Blum, 15 one handles the finite size of small ions on the same footing as macroions. The interacting potential for the colloidal particles treated as a mixture of charged hard spheres is described by
where Z i is the charge of species i,
and i j ϭ( i ϩ j )/2, i being the hard-sphere diameter of species i. The quantity of crucial importance in the derivation is the factor correlation function Q i j (r) ͑see Ref. 13 for details͒ which are functions of the physical parameters such as , Z 0 , 0 , 0 , etc. and of a parameter ⍀ which contains information on the finite size of small ions species. Quantitatively, ⍀ satisfies
The corresponding S(q)ϭS 00 (q) for macroparticles can be shown to read
where G 00 (s) is the Laplace transform of g 00 (r) defined by G 00 (s)ϭ͐ 0 ϱ drrg 00 (r)e Ϫsr . We shall apply this expression of S(q) in parallel with that from the OCM as well as the qualitative treatment of the finite-size of small ions in the Belloni's model.
B. Mode coupling theory for a colloidal dispersion
In this section we describe briefly the idealized version of MCT which is applied in this work to locate the liquidglass transition boundary for a suspension of chargestabilized colloids. The readers are referred to several related works 23,27-31 for more details. The MCT focuses on the timedependent density-density correlation function defined by F͑q,t ͒ϭ͗␦n͑ q,t ͒␦n͑ Ϫq,0͒͘, ͑19͒
where ␦n(q,t) is the Fourier transform of the microscopic density fluctuation ␦n(r,t) and the ͗•••͘ is the usual equilibrium ensemble average. This function spatially contains useful information on the local structure and temporally accounts for the time evolution of colloidal particles. Denoting the Laplace transform of F(q,t) by F (q,z)ϭ͐ 0 ϱ exp(Ϫzt) ϫF(q,t)dt and neglecting hydrodynamic interactions, it can be shown [27] [28] [29] that the F (q,z) is related to the memory func-
where (q)ϭq 2 D 0 /S(q) and the D 0 is the Stokes-Einstein diffusion coefficient of a single particle. As discussed in Ref. 29 , F(q,t) consists of a short-time decaying component ( I ӷtӷ B where for typical aqueous colloidal dispersions B Ϸ10 Ϫ8 Ϫ10 Ϫ9 s, and I Ϸ10 Ϫ3 s͒ representing a Brownian motion and of a long-time (tӷ I ) slowly decaying part characterizing the collective nonlinear couplings of the kind of the Feynman feedback mechanism. It was pointed out by Cichocki and Hess 27 that the memory function M (q,z) given in Eq. ͑20͒ is not a fundamental quantity in the study of the dynamic properties of colloidal particles since its time evolution operator is not one-particle irreducible. Accordingly, within the context of the generalized Smoluchowski equation and of the Fokker-Planck equation, they showed from their studies of the generalized dynamic viscosity the existence of a formally exact relation between the M (q,z) and the M (q,z) which is an irreducible collective memory function. At high densities, the contribution from short-time dynamics is insignificance compared with the long-time component ⌸(q,t) of M (q,z). We approximate M (q,z)Ϸ⌸(q,t) which is manifestly dominant. Now, it can be inferred from the works of Szamel and Löwen, 28 Baur et al., 29 Kawasaki, 30 and Bengtzelius et al. 33 that an idealized liquid-glass transition sets in at a dynamical transition point c if there exists a solution f c (q) for the following nonlinear vitrification equation
The f c (q)ϭR(q,t→ϱ) 0 is the Debye-Waller factor corresponding to the nonergodic state whereas f (q)ϭ0 is the ergodic state. We note that the f (q) can be compared directly with experiment since it corresponds to the form factor for the elastic part of the coherent spectrum in neutron scattering experiments. This function also accounts for the nondiffusive states as the liquid phase approaches the glassy region. By making a two-mode approximation, 28 Given c(q)ϭ͓1Ϫ1/S(q)͔/ 0 , Eqs. ͑21͒ and ͑22͒ are two nonlinear coupled equations which we will solve iteratively for the loci of the liquid-glass transition.
III. NUMERICAL RESULTS AND DISCUSSION

A. Application to the liquid-glass transition phase diagram: Primitive model
The PM presented in Sec. II A 2 describes the S i j (q) of three partial structure factors whose evaluation require the input data of macroions ( 0 , 0 ,Z 0 ) as well as of counterions ( 1 , 1 ,Z 1 ) where by charge neutrality 1 ϭZ 0 0 /Z 1 . In this work we have chosen to work on the salt-free system for two specific cases. One is 0 ϭ91 nm which is a suspension of monodisperse charged colloids experimentally observed 21, 22 to undergo a liquid-glass transition and the other is 0 ϭ5 nm which is the typical size for micelles, an experimentally widely studied system also. The choice for these systems are therefore experimentally appealing. Now, for counterions of negligible size, 1 Ϸ0, which, for many realistic colloidal dispersions, is generally a good approximation, one would find that S 00 (q) dominates the structure. In fact it was shown in Belloni's work that, within the MSA and for point ions, S 00 (q) is exactly the same as the effective OCM S(q) calculated from Sec. II A 1. In view of this latter property, we may then substitute Eq. ͑18͒ for S 00 (q) into Eqs. ͑21͒ and ͑22͒ and solve iteratively for the liquid-glass transition loci of a mixture of point-like counterions and charged macroions. For given 0 ͑5 or 91 nm͒, 1 ϭ0 and Z 1 ϭ1, we vary Z 0 for in the range 0.01Շр0.5 ͓ 0 is thus fixed by the relation 0 ϭ6/( 0 3 )]. Figure 1 , denoted by open circles and squares, shows our results for the two colloidal systems. Somewhat unexpected for the MSA closure operated at a high , it is found numerically that for the whole of the liquid-glass transition loci the portion of the line along 0ϽՇ0.43 has the input data g 00 (xϭ1 ϩ )Ͻ0; the corresponding less accurate S 00 (q) thus leads to a qualitative liquid-glass transition boundary. Similar features were found in our recent work of the DLVO model 35 and the results were subsequently remedied in a more quantitative calculation 23 by applying a rescaling scheme. It is worth remarking that such an unphysical feature is due to the deficiency of the MSA which poorly accounts for short-range correlations. In principle, one can perform the same rescaling scheme as proposed analytically by Senatore and Blum ͓see Eq. ͑9͒ in Ref. 15͔ or numerically by Sheu et al. 16 But as pointed out in the introduction, implementing such a rescaling procedure is theoretically doubtful since the MSA presently used for the PM is based on the additive contact radii of charged hard spheres, and may be questionable when the macroions are rescaled without at the same time giving proper consideration to the nonadditivity radii relation between the latter and counterions. In this connection, we have indicated separately in Fig. 2 the left portion of the c -Z 0 curve for which S(q) are reliable to distinguish it from that portion of the c -Z 0 curve for which rescaling of S(q) is necessary. This figure can be used to judge Fig. 1 for the unpleasant characteristic of rescaling in the PM. In the absence of an accurate prescription to account unambiguously for the nonadditivity contact radii of the macroion-small-ion correlation within the rescaled MSA closure, we thus cannot proceed further with the PM. In the following section, we seek instead to determine the liquid-glass transition phase diagram by the alternative means of an effective OCM.
B. Application to the liquid-glass transition phase-diagram: Effective one component model
In comparison with the PM, the effective OCM of Belloni is mathematically elegant. This is because in contracting Eq. ͑3͒ to obtain an effective direct correlation function the theory has exactly considered the contact correlations between the macroions and point-like small-ions before ͑and even after͒ any rescaling is done on the macroparticles. Short-range nonadditive radii property for the macroionsmall-ion correlations ͓which is buried in Eq. ͑11͔͒ is preserved when macroions are rescaled at a fixed coupling constant X. Consequently the effective OCM is physically more realistic when the rescaling of macroparticles ͑due to strong Coulomb repulsive forces͒ is deemed necessary. Our next problem is: how do we reconcile the OCM and the PM given that there is no adjustable parameter in the PM. In other words, how do we associate the constant parameters (,k,␥) in the OCM with those physical parameters of the colloidal dispersion? In this work, we suggest the following. For given and Z 0 , we calculate 0 ϭ6/( 0 3 ) with 0 ϭ5 or 91 nm to obtain ͑via charge neutrality Z 0 0 ϭZ 1 1 ) the DebyeHückel screening constant ϭͱ4L B 1 Z 1 2 ͑and hence k ϭ 0 ), which is defined in terms of the counterions species ͑inclusion of an electrolyte is numerically straightforward͒. Substituting the parameters (,k,Z 0 2 / 0 ) into Eq. ͑11͒, we solve iteratively for X. Then, we construct ␥ by the relation ␥ϭL B (XZ 0 ) 2 / 0 and examine g 00 (xϭ1 ϩ ) calculated with the set of parameters (,k,␥). If g 00 (xϭ1 ϩ )у0, we continue our calculation by solving Eqs. ͑21͒ and ͑22͒ iteratively for the glassy Debye-Waller factor; otherwise we perform a rescaling of the macroion size by two separate methods. 36 The first method is the numerical procedure 9,10,23 in which we carry out g 00 (x) S(q) Fourier transformation until the Gillan's criterion g 00 (xϭ1 ϩ )ϭ0 is achieved. The second method is an analytical procedure in which we apply the analytical formulas of Hansen and Hayter 6 to solve for the rescaled parameters. Figure 3 shows the flow chart of our numerical computation. For both methods, virtually the same results were obtained. It should be emphasized that the rescaling procedure is here only meant to correct for the shortcoming of the MSA closure so that the rescaled parameters (Ј,kЈ,␥Ј) yield a physical g 00 (x). The interested readers are referred to our recent works 23, 36 for more technical details. In this way, we generate the phase diagram (0.01Շ c Շ0.43,k c ,␥ c ) which can be associated with the ( 0 ,k c ,Z 0 c ) for 0 ϭ5 and 91 nm. In the same Fig. 1 , we display our calculated phase diagrams c -Z 0 c plotted for the two macroion sizes 0 ϭ5 nm ͑full circles͒ and 91 nm ͑full squares͒ compared with those of the PM whose liquid-glass transition loci were determined by preserving the additive contact radii 0i ϭ( 0 ϩ i )/2 throughout. The differences between the two set of curves for Շ0.43 thus reflect the uncertainties in the liquid-glass transition phase boundaries for the PM obtained by the additive ͑open circles or squares͒ and presumably the nonadditive ͑full circles or squares͒ contact radii prescriptions of 0i . Note that both cases 0 ϭ5 nm and 0 ϭ91 nm show a common interesting phenomenon in that their c -Z 0 c curves exhibit a flat minimum at c Ϸ0.319 and c Ϸ0.064, respectively. This would mean that, for a suspension of charge-stabilized colloids of size 5 nm ͑91 nm͒, our calculation predicts an ergodic region for Ͻ0.319 ( Ͻ0.064), an extremely weak liquid-glass-liquid reentrant behavior in the vicinity of Ϸ0.319 (Ϸ0.064) and a liquidglass transition for Ͼ0.319 (Ͼ0.064).
To delve further into the latter features, we first note that, on grounds of geometry, each 91 nm colloidal particle, owing to its having a larger surface area ͑than that of the 5 nm case͒, possibly possesses also a greater number of surface ionizable groups and correspondingly a larger macroion charge Z 0 . Since kϰͱ(Z 0 / 0 ), for a given , it is still hard to judge literally the role of ionic screening in the process of liquid-glass transition. Nonetheless, within the context of the MCT, it appears that, despite its possible bigger charge, the 91 nm macroions disfavor counterions screening since the predicted k values are considerably smaller (3Շk Շ5) than the smaller size 5 nm colloids whose ionic screening effects are found here to be far more effective (6Շk Շ21). Note, however, that the Z 0 of the 5 nm colloids is significantly smaller in magnitude. Both cases of the c -k c curves are delineated in Fig. 4 . It is perhaps worthwhile to stress the very large but finite k for the 5 nm colloidal particles whose physical behavior mimics closely a system of charged hard spheres effectively screened by counterions.
The fact that k increases drastically as decreases implies a physical situation whereby the 5 nm charged colloids behave like those of the short-range weakly interacting hard spheres. An analogue to this picture is the Coulomb interactions in a liquid metal. 37 Here valence electrons are perturbed by the metallic ions and in response they move about and screen the positive ions resulting in a collection of weakly interacting particles, so-called pseudo-atoms. Since, experimentally 38 ͑theoretically 31 ͒, the hard-sphere-like colloidal particles are reported to undergo a liquid-glass transition at only Ϸ0.58 (Ϸ0.5324), the above ergodic phase region for Ͻ0.319 for the 5 nm charged colloids is therefore not unexpected. For տ0.319, the scenario is thus to be attributed to the subtle role of counterions screening. The situation for the 91 nm colloids is quite different since the ionic screening plays less a role than the direct Coulombic couplings. This is indicated by the virtually independence of on k. Further evidence on the existence of a minimum in the phase diagram of a charge-stabilized colloidal dispersion below which occupies a liquid phase region has in fact been reported in a similar experiment 21 for the same 91 nm colloids dispersed in a dielectric medium ⑀ϭ38. There the ergodic phase falls into the region Ͻ0.06 which lends great credence to our results given in Fig. 4 . Nevertheless, in both cases studied, we see clearly the subtlety of ionic screening and Coulomb interaction in the liquid-glass transition process.
As another concrete example, let us apply the above strategy to a suspension of charged polystyrene spheres whose S(q) and phase diagram as functions of concentration and of the range of the interaction were measured by Sirota et al. 21 using the synchrotron small-angle x-ray-scattering technique. Their salt-free results show a glass transition at c Ӎ0.2. For given parameters (,k,␥), one can apply the methodology described above to determine the Z 0 c of charged spheres dispersed in a dielectric medium ⑀ϭ38 at room temperature. Carrying out the numerical procedure as described above, we obtain Z 0 c ϭ286e which is to be compared with the values deduced by others ͓Z 0 c տ250e ͑Ref. 39͒ and Z 0 c ϭ350e ͑Ref. 40͒ which both interpret well the liquid-crystal phase-diagrams within the density functional theory͔.
C. Application to tetramethylammonia dodecyl-sulfate
We turn now to another application of the methodology given in Sec. III B to study the S(q) of a micellar solution.
We have chosen to work on the tetramethylammonium dodecylsulfate ͑TMADS͒ since the experimental S(q) which were deduced from the small-angle neutron scattering [24] [25] [26] ͑SANS͒ intensities are available. In a very simple picture the micelle considered here consists of a hydrophobic core within which contains all the chains of the surfactant molecules and a hydrophilic shell in which are buried the polar heads SO 4 Ϫ , strongly bound counterions TMA ϩ and hydrating water molecules. These micelles are dispersed in a cloud of counterions and a permeable dielectric medium. In order to calculate the S(q) within the context of an effective OCM, we need first to prepare for the set of parameters ͑,k,␥͒. For this purpose, we have consulted Tables I and II , respectively and the number density of micelles n p ϭ͓␦/ TMADS Ϫn CMC ͔/N, defined in terms of the TMADS molecular volume TMADS , TMADS volume fraction ␦, and aggregation number N. We should point out that we have set 0 ϭ2(R 2 ϪR c ) where the R 2 is an adjustable parameter given in Ref. 26 and R c ϭ(R TMA ϩϩ R DS Ϫ) /2 is the mean radius for a counterion. This choice for the 0 is consistent with the authors' consideration of the finite-sized effect of counterions which is implicit in their solutions of the Poisson-Boltzmann equations ͓see Eqs. ͑15͒-͑17͒ in Ref. 26͔ . In addition, we have adopted the core shell ion-cloud model 26 for the TMADS dispersion which we believe is physically more realistic. Accordingly the effective OCM is given by ϭ( 0 3 /6)n p . Now, both the ␦ and the TMADS are given in Ref. 26 but unfortunately we have no n CMC data, although such data can be obtained independently from experiments such as the self-diffusion, conductivity, surface tension, etc. 41 In the absence of a reliable theoretical value, we therefore resort to a measured value 24, 25 which is 5.45ϫ10 Ϫ3 M at room temperature. Table  I gives the values used in our calculations and in Figs. 5 and 6 we depict our S(q) for the two sample solutions calculated for point-like counterions. In comparison with experiments, one notices immediately that the S(q) of the lower ϭ0.0214 interprets quite well the position of the principal peak, whereas that of the higher ϭ0.0415 the main maximum of S(q) shifts to the right; in both cases the magnitudes of S(q) are underestimated.
To seek an explanation for the discrepancies, we reexamine in the first place the reasonableness of the structural parameters used in the study, in particular for the higher case. One possible cause for the discrepancies can be attributed to the aggregation number Nϭ77 for the 6 vol% TMADS solution. Our conjecture is based on the observation of the SANS data analysis of the lithium dodecyl-sulfates ͑LDS͒ and sodium dodecyl sulfates ͑SDS͒ micellar 26 The aggregation number is Nϭ77. Fig. 5 but for ϭ0.0415. dispersions. 10, 16 According to the analysis on these systems, spherical micelles formed at n CMC will exhibit the tendency that for increasing concentrations both the Z 0 and the N will increase also. Specifically, the SANS data analysis showed that the fractional surface charge Z 0 /N is nearly constant ͑or varies mildly͒ in the low volume fraction region ͑for example, Շ0.07 for the case of SDS͒. Since in the lower case we have Nϭ77, it appears unreasonable to have N ϭ77 for the higher ϭ0.0415. We thus apply the empirical criterion concluded by Sheu et al. 10, 16 and take the Z 0 /N ϭ0.4935 for the 3 vol% TMADS to be the same for the 6 vol% TMADS. Doing this we obtain Nϭ89 for the 6 vol% TMADS. Note that Z 0 ϭ44 for the 6 vol% TMADS is larger than that for the 3 vol% TMADS which is consistent with the experimental trend 10, 16 for an increasing trend in Z 0 . Also, strictly speaking, we should increase the size of the micelles for the case ϭ0.0415 but for simplicity ͑and in consultation with the experimental data of LDS and SDS 10, 16 which indicate a slight increment of 0 ͒, we keep the 0 unchanged. The dashed line in Fig. 7 shows our calculated S(q) compared with experiment. This calculated S(q) for the pointlike counterions clearly manifests the inherent uncertainties in structural studies of micelles since the parameters that characterize the micelles can erroneously be adjusted to yield the same S(q). Although significant improvement has been achieved in the principal maximum position for the higher case, there is yet an inadequate in the present OCM using the point-like counterions to the S(q), since the magnitude of S(q) is underestimated. We turn therefore to the qualitative method of Sec. II A 2 to consider the finite-sized effect of counterions. The results are included also in Figs. 5-7. One sees immediately the marked improvement in the theoretical S(q) in comparison with experiments. This compatibility is physically sound since the inclusion of the finite-sized effect of counterions has the consequence of weakening screening which is lucidly manifested in the calculated S(q). We should emphasize, however, that our S(q) results are somewhat fortuitous in view of the qualitative treatment of the finite-sized effect of counterions. In more reliable and quantitative studies of S(q), it is necessary to develop a theory for the PM which can take into account in a quantitative way the nonadditive radii property mentioned above. Certainly an extensive comparison between the PM and the presently used OCM for the micellar S(q) measured over a wider range of concentrations ͑such as the work of Sheu et al. 10 ͒ will be very helpful in achieving this goal.
FIG. 6. Same notations as
IV. CONCLUSION
The static partial structure factors calculated within the MSA are employed to study the spatial correlations of charged colloidal particles. Within the MSA and for pointlike small ions, the macroion S(q) of the PM is shown exactly the same as that of an effective OCM. In view of this, we take the PM S(q) as input data to the monatomic idealized MCT and determine separately the liquid-glass transition phase diagrams for two charged colloidal dispersions of sizes 5 and 91 nm. It is found that for the whole liquid-glass transition phase boundary the portion of the line along 0 ϽՇ0.43 has the corresponding pair correlation function near the minimum contact distance approaching a negative value. For the OCM, this inherent drawback of the MSA can be remedied by rescaling the 0 . However, for the PM, such a procedure brings forth the ambiguity of the additive contact radii relation 0i ϭ( 0 ϩ i )/2, since the replacement of 0i by a rescaled ͑denoted by prime͒ 0i Ј ϭ( 0 Јϩ i )/2 in the solutions of the MSA has no clear physical ground, although the rescaling of 00 ϭ( 0 ϩ 0 )/2 to 00 Ј ϭ( 0 Јϩ 0 Ј)/2 is physically reasonable. In view of this deficiency, we have adopted the effective OCM of Belloni in which the nonadditive contact radii of 0i can be approximately accounted for in the course of 0 rescaling. As an application of the OCM of Belloni, we recalculate the charged colloidal liquid-glass transition loci using the rescaled MSA S(q) for the region Շ0.43 and compare the loci with those from the PM obtained by preserving the additive contact radii relation. Comparison of these results would shed considerable light into the uncertainties in using the PM whose S(q) are evaluated throughout by retaining the additive contact radii of 0i . Further support of the usefulness of the OCM of Belloni derives from its successful estimation of the charge Z 0 of polystyrene spheres and the interpretation of the S(q) of micellar solutions. The present model should be useful for studying the experimental charged colloidal liquid-glass transition phase diagram in the presence of an electrolyte which, to our knowledge, is still unexplained theoretically. 21 
